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Investigation of environmental cracking of a 1100 MPa yield strength A723 steel cannon tube subjected to prototype firings is described.
Metallographic results show cracking of the steel beneath a 0.12 mm protective layer of chromium. Cracks undermine and remove sections
of chromium and lead to localized erosion that ruins the cannon. Key features of the firing thermal damage and cracking are: [i] recrystalization
of the chromium to a depth of up to 0.08 mm; [ii] steel transformation to 0.19 mm below the chrome surface; [iii] two different periodic arrays
of cracks normal to the hoop and axial directions, with mean depths of 0.23 and 0.46 mm, respectively.

Time-temperature-depth profiles for the firing cycle were derived via bi-material finite difference analysis of a semi-infinite solid which
incorporated cannon combustion gas temperatures and material properties that vary as a function of temnperature. The temperature and depth
jassociated with the steel transformation were used to solve iteratively for the convective heat transfer coefficient. This value was further
confirmed by the depths of chromium recrystalization and of the crack arrays in the two orientations. A profile of maximum temperature versus
depth is used to determine the near-bore applied and residual stress distributions within the tube. The measured volume change of steel
transformation is used to determine an upper limit on applied and residual stresses. These stresses are used to determine crack-tip stress intensity
factors for the observed crack arrays and hence provide some explanation for the differential depths of cracking.

e near-bore temperature and residual stress distributions are used to help determine the cause of hydrogen cracking and measureés to prevent
cracking. Compressive yielding due to thermal loading produces near-bore tensile residual stresses and thereby causes hydrogen cracking.
revention of cracking is discussed in relationship to hydrogen crack growth rate tests of alternative alloys and coatings.
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X-ray diffraction residual stress distribution analysis was performed for a swage autofrettaged, thick-walled, A723 steel compound cylinder
with axial semi-circular mid-wall channels. Because of the existence of high stress gradient components in the stress distribution, the effect
of spatial resolution and the x-ray beam spread function were investigated. Experimental stress measurements were compared with results from
Tresca's model of a partially autofrettaged solid cylinder. Measured residual stresses were interpreted using an ABAQUS finite element model.
Our experimental results verified most features of the predicted hoop stress distribution, including the high stress gradients and compressive
stresses near the channel root areas. However, significantly reduced compressive stress levels were observed both near the bore and near the
channel roots. An overestimate of fatigue lifetime could result if the reduction of compressive stresses observed experimentally were not taken
into account. In solid autofrettaged cylinders, reduction of compressive stresses near the bore has been attributed to the Bauschinger effect.
However, there is no analytical model incorporating the Bauschinger effect in the current geometry. This work demonstrated that the
introduction of the semi-circular channels in a solid cylinder significantly modified the magnitude and location of stress fields. Both the bore
and the channel roots are critical sites for stress concentration. Our analysis further determined that the channel roots were the most critical
sites where cracks and failure should occur. Fatigue test resuits verified that cracking and failure occurred at the channel roots.
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of equipment. "Flicker noise” concepts, derived from chaos theory,
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resulting in a 40% increase in battery life.
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Pulsing circuits generate electromagnetic interference (EMI) that can affect sensitive circui
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13. ABSTRACT (Maximum 200 word's)

The creation and subsequent shedding of arrays of edge cracks is a natural phenomenon which occurs in heat-checked gun tubes, rapidly cooled
pressure vessels, and rock, dried-out mud flats, paint, and concrete and in ceramic coatings and permafrost. The phenomenon covers five orders
of magnitude in crack spacing. A simple model is developed which indicates that the shedding behaviour is governed by energy release from
individual cracks rather than global energy changes. The model predicts that all cracks will deepen until a crack-spacing/crack-depth ratio (2h/a)
of 3.0 is achievéd, at which stage crack-shedding will commence. Two out of every three cracks will be shed, leading to a new (higher) crack-
spacing/crack-depth ratio at which stage growth of all currently active cracks will be dominant.

An approach based upon rapid, approximate methods for determining stress intensity provides good indications of behaviour provided near-
surface stress gradients are not excessive. In cases where stress gradients are high, it is shown that it is necessary to employ numerical
techniques in calculating stress intensity. Two specific examples are presented, the first at very small scale (heat-check cracking, typical crack
spacing mm) and the second very large scale (permafrost cracking, typical crack spacing 20m). The predicted ratios for the proportion of
cracks shed and for crack-spacing/crack-depth are in agreement with experimental evidence for gun tubes, concrete, and permafrost. The ratios
also appear to match experimental observations of ‘island delamination’ in ceramic coatings and paint films.
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Autofrettage is used to introduce advantageous residual stresses into pressure vessels and to enhance their fatigue lifetimes. For many years
workers have acknowledged the probable influence of the Bauschinger effect which serves to reduce the yield strength in compression as a result
of prior tensile plastic overload. This in turn can produce lower compressive residual hoop stresses near the bore than are predicted by ‘ideal’
{solutions (elastic/perfectly plastic without Bauschinger effect).

[There have been several models proposed in order to predict the reduced stresses within the autofrettaged tube. The purpose of this paper is
simply to compare a limited set of models, including the ASME code, with available experimental evidence. Three models are compared:

odel A, based upon a quasi strain-hardening model developed by Chen; Model B, based upon a Bauschinger effect which varies with plastic
train and hence with radius; Model C, which is based upon sectien KD-522.2 of the recently revised ASME pressure vessel code. The models
re compared against experimental data under three headings:

® Measurements of Hoop Residual Stress at the Bore

] Measurements of Hoop Residual Stress Variation Radially Through the Tube Wall, -
In Particular the Near-Bore Region

L] Measurements of Opening Angle When Autofrettaged Tubes are Slit Radially,

Hence Releasing the Pure Bending Moment 'Locked In’ by the Hoop Stress
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specimens with more randomly oriented crystallites showed lower residual stresses.

Residual stresses are believed to be responsible for the intrinsic cracks observed in electrolytic chromium coatings. The cracks directly affect
the wear and erosion behavior of the coating and substrate. Crystalline orientation significantly intluences the elastic- -plastic properties of
materials. It also affects the method by which residual stress can be determined using x-ray diffraction. For this study, we investigated texture
and residual stress analysis for two low contraction (LC) chromium coating specimens and compared the results with a high contraction (HC)
chromium specimen. High-resolution pole figure analysis and x-ray ditfraction were used to characterize the texture in the coatings. Randomly
oriented materials allow the application of the x-ray diffraction sin®¥ stress measurement method. For highly textured body-centered-cubic
crystals, the sin”¥ method failed, so a Matlab matrix inversion method was used to determine residual stress. One of the LC chromium
specimens exhibited near random orientation with very weak fiber texture, and the other specimen exhibited intermediate mixed <111> and
<211> fiber texture. The HC chromium specimen exhibited strong predominately <111> fiber texture. A correlation between residual stress
and texture was found. The HC chromium specimen with high fiber texture showed higher surface tensile stresses, while the LC chromium

14. SUBJECT TERMS
(Chromium, Low Contraction Chromium, High Contraction Chromium,

[Texture, Residual Stress

IR OF PAGES
11

15. NUMZ

16. PRICE CODE

17. SECURITY CLASSIFICATION 13, 3:iQ .hV CLASSIFICATION {19. SICURITY CLASSIFICATION |20, LIMITATICN TF A357RACT
CF REPORT CF THIS PAGE OFf AB3TRALT
t‘UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED
NSN 7330-01-28C-5500 21 »




form Approved

REPORT DOCUMENTATION PAGE ' CM3 No. 27003033

Public recorting Surcen for this coilection of :afCrmation s 2stimates ¢ average | aour der fesponse, incluging the ume for raview: ry Instructions, 12ar
3athering anc mantaming the 2ata neeced. ane Comoisling ang raviewing th2 sclieciion of information. Sena ments ragarcing

Dawvis Highway, Suite 1204, Arlington, /A 22202-4302. and 0 tre Office of Management and 3ucger, Paperwork Reduction Project (3704-0188), washingten, 5C 20503.

usting Zata souress,
Surden 25t~ ~2r ascect oF this
collection of :nformation, including suggestions ‘or reducing this ourgen. 0 Washington Headguarters Servicas, Siractorate for in auon Operaticns ancg R2pcrts, 1235 efferson

1. AGENCY USE ONLY .(Leave blank) 2. REPCORT DATE 3. REPGRT TYPE AND DATES COVERED
July 1998 Final

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

PHASE, RESIDUAL STRESS, AND TEXTURE IN AMCMS No. 6111.01.91A1.1
TRIODE-SPUTTERED TANTALUM COATINGS ON STEEL

6. AUTHOR(S)
S.L. Lee and D. Windover

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT MUMBER

U.S. Army ARDEC
Benet Laboratories, AMSTA-AR-CCB-O : ARCCB-TR-98012
Watervliet, NY 12189-4050

9. SPONSORING/ MCNITORING AGENCY MAME(S) AND ADDRESS(ES) 10. SPONSCRING/ l\:tOM':'CR_ENG
' . . AGeNTY RTPCRT NUAMBZIR

U.S. Army ARDEC
Close Combat Armaments Center
{Picatinny Arsenal, NJ 07806-5000

11. SUPPLEMENTARY NOTES )
Presented at the 25" International Conference on Metallurgical Coatings and Thin Films, San Diego, CA, 27 April to 1 May 1998.

Published in Proceedings of the Conference and Surface and Coatings Technology.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CCDE
Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

This work analyzes the unoptimized, prototype triode-sputtered, 150 um thick tantalum coatings deposited with a 2.5 pm niobium under-layer
onio the bore of a large-diameter A723 steel cylinder. The coating was deposited for wear and erosion protection by Pacific Northwest National
Laboratory. Our phase determination was based on x-ray diffraction analysis, wavelength dispersive x-ray fluorescence analysis, energy
dispersive x-ray analysis, and hardness and electrical resistivity measurements. Both x-ray diffraction and radius-of-curvature methods were
used to determine residual stresses. A locally developed high-resolution pole figure technique was used to perform texture analysis. The post-
firing, debonded coating showed alpha-tantalum, preferred (110] orientation, high surface stresses, tantalum oxides, entrapped krypton
sputtering gas, interstitial oxygen, and other impurities. The surface and subsurface pole figures revealed broadened poles and body-centered-
cubic tantalum crystalline structure. ’
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This paper demonstrates the application of finite element methods in both Space and time to the partial differential equations that govern beam
dynamics. The approach enables design problems for the structural response of beams subject to shock and vibration loading to be posed.
Numerical validation of the results using a forward Euler ordinary difterential equation solver is also shown.
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13. ABSTRACT (Maximum 200 words)

During a February 26, 1997 training exercise at Fort Benning, Georgia, an 84-mm, M3, Carl Gustaf, shoulder-fired, recoilless rifle—the
TACOM-ARDEC Multi-Role, Anti-Armor, Anti-Personnel Weapon System (MAAWS)—failed while firing an FFV552 training round. The
Jcomposite-wrapped, steel-lined barrel burst open beneath the trigger housing—destroying the weapon but leaving the Gunner and Assistant
Gunner uninjured. The rifle (serial number 14051) was evaluated in the field and at Benet Laboratories. Inspections included a bore surface
inspection, dimensional checks, a magnetic particle inspection, an ultrasonic inspection, a crack evaluation, and a bore debris analysis.
Although there is no clear evidence regarding the cause of the failure, the evidence does indicate that the failure may have been caused by a
l(s)oil obstruction in the barrel. This obstruction probably produced a large amount of highly localized stress on the carbon fiber, composite-

verwrapped, steel barrel—thereby causing the jacket that contains the pressure to fail and allowing the pressurized propellant gases to deform
]and rupture the underlying steel liner. :
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13. ABSTRACT (Maximum 200 words)

|Aggressive environments experienced by large caliber gun tubes during processing and firing have lead to a great deal of investigation on the
hydrogen-induced cracking susceptibility of high strength steels. The constant displacement bolt-loaded specimen has been used to determine
the hydrogen crack growth rates and threshold stress intensity of AF1410—both conventionally and isothermally heat treated—and AerMet
100. Additionally, the severe susceptibility of high strength steels has necessitated the application and modification of a low cost, highly
reliable, in situ crack measurement method, called the instrumented bolt. The instrumented bolt consists of a full bridge, strain-gaged stainless
Steel bolt coupled to an automatic data acquisition system. New expressions have been developed for use with the instrumented bolt and bolt-
loaded specimen to relate load to crack growth. Our study determined that Stage II crack growth rates for the AF1410 were 1.1E7 and 2.3E?
mm/s for conventional and isothermal AF1410, respectively. Threshold stress intensity levels for AF1410 were 16.0 and 13.7 MPa m'?,
respectively. Stage I crack growth rates for AerMet 100 were 2.4E? mm/s, while the threshold stress intensity was 14.1 MPa m'2.
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13. ABSTRACT (Maximum 200 words)

High strength alloy steels typically used for gun steel were investigated to determine their susceptibility to hydrogen embrittlement. Although
AIST grade 4340 was quite susceptible to hydrogen embrittlement, ASTM A723 steel, which has identical mechanical properties but slightly
different chemistries, was not susceptible to. hydrogen embrittlement when exposed to the same conditions. The degree of embrittlement was
determined by conducting notched tensile testing on uncharged and cathodically charged specimens. Chemical composition was modified to
isolate the effect of alloying elements on hydrogen embrittlement susceptibility. Two steels—Modified A723 (C increased from 0.32% to
0.40%) and Modified 4340 (V increased from O to 0.12%)—were tested. X-ray diffraction identified the presence of vanadium carbide, V,C,,
in A723 steels, and subsequent hydrogen extraction studies evaluated the trapping effect of vanadium carbide. Based on these tests, it was
determined that adding vanadium carbide to 4340 significantly decreased hydrogen embrittlement susceptibility because vanadium carbide traps
ties up diffusible hydrogen. The effectiveness of these traps is examined and discussed in this paper.
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Presented at the 1998 Joint Army-Navy-NASA-Air Force Propulsion Meetm , Cleveland, OH, 15-17 July 1998.

Published in proceedings of the meeting.

12a. DISTRIBUTION / AVAILABILITY STATEMENT ) 12b. DISTRIBUTION CODE
Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

The objective of this work was to document the numerical simulation of the cannon-projectile blow-by flow for a Zone six firing of an M549A1
with XM230 charge. The steady, axisymmetric flow was determined by use of the NPARC Computational Fluid Dynamics Code, given inflow
boundary values at points on the ballistics path. We computed pressure distributions on the projectile, assuming a smooth cannon surface.
Integration of the distribution over the projected lateral surface of the projectile gives an estimated side force of 500,000 pounds on the projectile
as it enters the brake section of the tube. In a yawed attitude, such forces can effect inertial instabilities on the projectile which, in turn,
contribute to balloting and mechanical wear of the tube. The same numerical solution computes local heat transfer rates on the obturator and
rotating band surfaces. The effect of blow-by flow heat transfer on tube ersoion is a factor that is not well understood. An extension of the
present work will provide a basis for further understanding the combined effects of abrasive and chemical erosion. The present computations
assume that the wear gap between projectile and cannon wall is 0.020 inch and that the obturator protrudes 70% into the gap. Results are
jpresented at two points on the ballistics trajectory, 2.212 and 5.256 meters from the rifle origin. Local heat transfer to the barrel wall was
obtained for projectiles with and without obturator and band. At the 2.212 meter location, the latter yielded maximum local heat transfer rates
on the barrel surface that exceeded 30 times the heat transfer computed at 1.7 inches upstream of the projectile's base (i.e., in the projectile’s
wake boundary layer). With the obturator and band, and at the same travel point, the heat transfer ratio peaked at 2040, with the wake heat
transfer computed at 6.7 inches upstream of the projectile's base.
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12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

Distinct erosion patterns and mechanisms are emerging as our gun erosion database increases for in-service and out-of-service 120-mm M256
tubes with M829A2 rounds. Variability exists for M256 guns with M829A2 rounds depending on round count, round type, round-conditioning
temperature, and their order. Our M256/M829A2 gun system erosion model—with its interior ballistics, thermochemistry, and boundary layer
components—is constantly being guided and refined by the erosion and materials analysis data from fired gun tubes. A recent refinement
includes improvement of the gun steel subsurface exposure model due to high quality, difficult to obtain data from in-service M256 tubes. Other
recent refinements to the boundary layer heat transfer model are based on thermal data from M256 tubes. These refinements include the
improvement/incorporation of case gas cooling effects, turbulent gas mixing/heating effects, and a very minor contribution from forcing cone-
induced vena contracta cooling effects. These latter refinements are calibrated away from crack walls by positional thermal wall repacking
depth, thermal wall transformation depth, and thermocouple data. A comprehensive gun erosion model and multiple single-shot erosion
condemnation predictions are described for the 120-mm M256 gun with its M829A2 round for hot-conditioned rounds only, ambient-
conditioned rounds only, cold-conditioned rounds only, and an equal distribution of hot/ambient/cold-conditioned rounds. The gun erosion
mechanism consists of heat checking the inert chromium plate, subsequent interfacial degradation of the subsurface gun steel substrate at the
chromium crack bases, then chromium platelet spalling, and subsequent bare gun steel gas wash. This gun erosion model correctly calculates
and predicts that the worst eroded region is at 1.2 to 2.4 meters from the rear face of the tube. The excessive muzzle wear is by a different,
purely mechanical gas wash-free mechanism. Most importantly, given herein are the relative erosion-related effective full-charge values of the
fielded M256 gun kinetic energy rounds at various round-conditioning temperatures.
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13. ABSTRACT (Maximum 200 words)

As our gun erosion database increases for in-service and out-of-service 120-mm M256 tubes with M829Ax series rounds, distinct erosion
patterns and mechanisms are emerging. Variability exists for M256 guns with M829Ax series rounds depending on round count, round type,
round-conditioning temperature, and their order. Our M256/M829Ax gun system erosion model—with its interior ballistics, thermochemistry,
and boundary layer components—is constantly being guided and refined by the erosion and materials analysis data from fired gun tubes. A
recent refinement includes the improvement of the gun steel subsurface exposure model due to high quality, difficult to obtain data from in-
Iservice M256 tubes. Other recent refinements to the boundary layer heat transfer model are based on thermal data from M256 tubes. These
refinements include the improvement/incorporation of case gas cooling effects, turbulent gas mixing/heating effects, and a very minor
contribution from forcing cone-induced vena contracta cooling effects. These latter refinements are calibrated away from crack walls by
positional thermal wall repacking depth, thermal wall transformation depth, and thermocouple data. A comprehensive gun erosion model is
described for the 120-mm M256 gun with its M829Ax series rounds. In addition, a detailed shot-by-shot erosion modeling prediction is
described for retired 120-mm M256 gun tube serial #1988. For this gun tube, the erosion prediction includes the two types of rounds fired,
M 829 and M829A2, and their three round-conditioning temperatures, hot, ambient, and cold. The gun erosion mechanism consists of heat
ichecking the inert chromium plate, subsequent interfacial degradation of the subsurface gun steel substrate at the chromium crack bases, then
ichromium platelet spalling, and subsequent bare gun steel gas wash. This gun erosion model correctly calculates and predicts that the worst
eroded region is at 1.2 to 2.4 meters from the rear face of the tube. The excessive muzzle wear is by a different, purely mechanical gas wash-free
mechanism. Most importantly, given herein are the relative erosion-related effective full-charge values of the fielded M256 gun kinetic energy
rounds at various round-conditioning temperatures.
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